Abstract
Introduction

٢٥
Use of nanotechnology in oil and gas industry has been improved rapidly over last decades.
٢٦
Adding nanoparticles (NPs), because of their very ultrafine size (<100 nm) and high surface ٢٧ area to volume ratio, allow engineers to modify the drilling fluids rheology by changing the ٢٨ composition, type, or size distribution of nanoparticles that suit desired drilling conditions ٢٩ without using other expensive additives (Abdo and Haneef 2012) . In recent years, numerous ٣٠ studies have been reported on the application of nanoparticles as additives in drilling fluids ٣١ formulation (Abdo and Haneef 2012 , Amanullah et al. 2011 , Sharma et al. 2012 , Srivatsa and ٣٢ Ziaja 2012 , Mao et al. 2015 (a), 2015 , Taraghikhah et al. 2015 , Hassani et al. 2016 , Shakib ٣٣ et al. 2016 . The benefits include improvement of fluids rheological properties, reductions in ٣٤ filtration loss and friction coefficient, increase of the rate of heat transfer, shale stability ٣٥ improvement, and inhibition of gas hydrate formation. A summary of research studies to date ٣٦ is presented in Table 1 to 5 of this manuscript. Detailed review of the studies with profound ٣٧ outcomes are presented in the following section based on the modification of the drilling fluids
٣٨
property through addition of nanoparticles.
٣٩
٤٠
Modification of Rheological Properties
٤١
The rheology of drilling fluids should exhibit shear thinning characteristics to have less ٤٢ resistance at high shear rates. At low shear rates, (for instance when mud circulation is being ٤٣ stopped) the viscosity should be high enough to prevent transported cuttings from falling back ٤٤ downhole in the wellbore based on Stokes' Law. Apparent viscosity (AV); which is defined as ٤٥ the ratio of stress to rate of strain of liquid, plastic viscosity (PV); the resistance to flow of ٤٦ fluid, yield point (YP); the minimum shear stress required in order to move the fluid, and gel ٤٧ strength at 10 seconds and 10 minutes to measure the fluid capability to act like a gel and ٤٨ suspend cuttings and weighting materials when circulation is ceased, are the rheological
٤٩
properties investigated in this study. One of the common models for the rheology of drilling ٥٠ fluid is the Herschel-Buckley model (Eq 1),
٥١
(1)
٥٢
where τ is the shear stress (lb/100 ft 2 ), τ0 is the yield point (lb/100 ft 2 ), K is the consistency ٥٣ index, γ is the shear rate (s -1 ), and n is the flow behaviour index (dimensionless) that needs to ٥٤ be less than 1 for shear thinning fluids.
٥٥
Nanoparticles can enhance the rheological properties of drilling fluids using various . 2016 . , Rafati et al. 2016 . It has been well established that the viscosity of nanofluids is ٦١ much higher than the viscosity of conventional dispersions at the same volume concentration ٦٢ of dispersed particles. As viscosity is defined as internal friction between two layers of a fluid ٦٣ under shear stress, once nanoparticles are dispersed in the fluid there is a possibility of ٦٤ increasing friction between layers of the fluid, which results in an increase in viscosity of ٦٥ nanofluid (Sundar et al. 2013 , Sharma et al. 2016 . This enhancement in viscosity of nanofluids ٦٦ can be estimated through homogeneous solid-fluid interaction models. The available ٦٧ theoretical formulas for the estimation of viscosity of nanofluids have been developed initially ٦٨ from the Einstein model (Einstein, 1906) , which is based on the assumption that the fluid ٦٩ contains suspensions of spherical shapes. However, his model was developed based on the ٧٠ simple assumptions and only worked at low concentrations of small nanoparticles. Later,
٧١
modified models by other investigators have been introduced (Batchelor 1977 , Brinkman 1952 , ٧٢ Godson et al. 2010 , Nguyen et al. 2007 , Rea et al. 2009 ) that could be used for larger ٧٣ nanoparticles at higher concentrations, pressure and temperature. In addition, it has been found ٧٤ that the effective viscosity of nanofluids depends not only on the concentration of ٧٥ nanoparticles, but also on their sizes. This results have been confirmed through both molecular ٧٦ dynamics simulations of hard-sphere potential (Rudyak et al. 2008 , Rudyak et al. 2009 ) and ٧٧ experimental studies (Rudyak et al. 2013 , Timofeeva et al. 2010 . It should be noted that in ٧٨ designing drilling fluids, different additives can be used to increase the rheological properties
٧٩
into an acceptable and desirable range required for hole cleaning, lubricating and cooling ٨٠ downhole equipment among others. However, these properties may not exceed beyond specific ٨١ levels, inappropriate increase of properties may have negative effects during fluid circulation
٨٢
in the wellbore such as excessive frictions and weight that impose higher capacity pumps, and ٨٣ sand/cutting removal issues. Therefore, the aim of using nanoparticles is to attain desirable
٨٤
properties with lower cost and improved efficiencies.
٨٥
Silica nanoparticles can also improve the rheological stability of emulsion based and invert ٨٦ emulsion based drilling fluids as they have a large free energy of adsorption and can attach to ٨٧ the oil-water interface depending on their degree of hydrophobicity (Agarwal et al. 2011 , ٨٨ Ghosn et al. 2017 . Metal NPs can also improve the rheological stability of drilling fluids due
٨٩
to their high thermal conductivities that can dissipate heat efficiently because of Brownian ٩٠ motion. Therefore, fluid is less affected by the temperature increase and keeps its liquid form,
٩١
rather than degrading into a solid form. Results from several studies demonstrated that ٩٢ nanofluids have higher thermal conductivities compared to base fluids (Liu et al. 2005; Ding ٩٣ et al. 2006; Aybar et al. 2015) . Different investigations on thermal conductivity of nanofluids
٩٤
showed enhancements from 12.4% to 80% can be obtained with carbon nanotubes dispersions ٩٥ in different fluids (Smith et al., 2017) . properties, and found that gel strength and YP were significantly decreased at concentration of ١١٥ 1wt%, while there was a slight decrease at concentration of 3 wt%. Srivatsa et al. (2012) also ١١٦ showed that the addition of silica increased the drilling fluid viscosity, with one sample ١١٧ achieving 30% increase in viscosity compared to the base drilling fluid. This is consistent with ١١٨ the recent work of Mao et al. 2015(b) who also concluded that addition of NPs into drilling and a hybrid NPs consisting of carbon nanotubes and silica. Hassani and his co-workers showed ١٢٢ that both types of NPs can increase the effective viscosity of the drilling fluids significantly,
١٢٣
with silica NPs showed a superior behaviour compared to the hybrid NPs. Salih et al. (2016) 
١٢٤
found that the properties of WBFs containing nanosilica are comparable to the higher ١٢٥ performance and stability associated with OBFs. Needaa et al. (2016) tested sepiolite NPs,
١٢٦
which contains silica, and showed that there was an increase in PV and YP when compared to 
١٣٢
And it was noted that all the fluids displayed shear thinning properties.
١٣٣
Abdou et al. (2013) tested bentonite with particle size between 4-9 nm, as an additive to WBFs
١٣٤
and compared the results with API bentonite properties and a sample with local bentonite not ١٣٥ at nanosize. The overall rheological properties such as AV, PV and YP decreased due to the ١٣٦ addition of bentonite with nanosize diameter, as the solid content of the fluid was decreased. was promising compared to a standard suspension of clays and polymers that are used in the ١٤٦ oil industry which showed an average fluid loss of 7.2 mL and a filter cake of 280 μm thick. 
١٣٧
٢٠١
Cellulose, a natural biodegradable substance was first introduced by Li et al. (2015) . They slight increases compared to the base sample, however, they were decreased as the ٢٠٩ concentration of CNP was increased while the concentration of bentonite was decreased.
٢١٠
Analysis of the rheological properties showed that the Herschel-Buckley model provides a 
Reduction of Filtration Loss
٢١٧
There have been many studies on the effect of nanoparticles on filtration control during drilling
٢١٨
operations. Amanullah et al. (2011) showed that the addition of commercial NPs into their
٢١٩
sample resulted in no spurt loss, indicating a non-damaging fluid system that protects the ٢٢٠ nearby formations. The drilling fluid produced a very thin, well dispersed and tight mud cake.
٢٢١
One of the first studies on the effect of silica based NPs on filtration control was conducted by
٢٢٢
Javeri et al. (2011) . They reported reductions in filtrate volume up to 34% using silica NPs
٢٢٣
with the size ranging from 40 to 130 nm at the concentration of 3 wt%. Similarly, Cai et al.
٢٢٤
(2012) used silica NPs to decrease water invasion, at the concentration of 10 wt%, which ٢٢٥ returned reductions of 58-99% in the shale permeability to water for bentonite muds, and 46-٢٢٦ 88% for low solid content muds. They also proposed the ideal size of particles can be in the ٢٢٧ range of 7-15 nm. Table 2 lists some of the recent studies on the reduction of filtration loss by ٢٢٨ nanoparticles. increase in porosity and permeability of the filter cake can be observed due to an increase in ٢٤١ agglomeration. Thus, the general trend for using silica based NPs is that it can reduce filtration reduction in filtration loss and about a similar proportion amount again in filter cake thickness.
٢٢٩
٢٤٤
Bentonite and barite are typically used as a viscosifier and weighting agent respectively in ٢٤٥ drilling fluids. Abdou et al. (2013) , reported that the use of bentonite with particle size between ٢٤٦ 4-9 nm increases filtration loss compared to the micro-sized bentonite particles. This could be ٢٤٧ due to using NPs at a high concentration where the drilling fluid does not have a large particle ٢٤٨ size distribution, which could affect its plugging abilities or the particles being so small that sample with chemically prepared NPs had 60% greater maximum sealing pressure during the ٢٥٢ particle plugging test than the base mud, and mechanically prepared sample had 90% greater ٢٥٣ maximum sealing pressure than the chemically prepared sample. The mechanically prepared
٢٥٤
NPs had a much larger particle size distribution which causes fluid to form a better, more ٢٥٥ compact filter cake, hence much higher maximum sealing pressure is tolerable. Cedola et al.
٢٥٦
(2016), while testing the use of barite, determined there is also an increase in fracture sealing
٢٥٧
capabilities with mechanically over chemically prepared NPs, where mechanically prepared
٢٥٨
NPs increased the fracture reopening pressure by 13%.
٢٥٩
Nasser et al. (2013) was the first to test a carbon-based NPs for their filtration properties. They decrease by 30% at 30 minutes under API conditions.
٢٦٨
The transitional metal NPs feature commonly in testing for API fluid loss. Ponmani et al.
٢٦٩
(2016) conducted the some tests on the use of copper and zinc based NPs in drilling fluids.
٢٧٠
Both samples had NPs less than 50 nm at concentration of 0.1, 0.3 and 0.5 wt% and the results
٢٧١
were compared with micro sized particles. The results are shown in Figure 3 , where it shows a 
٢٧٧
Polymer NPs have also been tested as fluid loss control additives to WBFs. Sadeghalvaad et loss at LPLT conditions. NPs were prepared ex-situ and in-situ with the size between 1-30 nm,
٢٩٣
and they were compared with commercial NPs with particle size between 20-40 nm.
٢٩٤
Commercial NPs reduced fluid loss by 66.7%, however, the in-house prepared ex-situ and in-٢٩٥ situ decreased it by 68% and 77%, respectively at 30 mins, with the in-situ having zero spurt ٢٩٦ loss. Thickness of the filter cake however, did increase by 23% and 13% for ex-situ and in-situ ٢٩٧ prepared NPs, respectively. NPs. The maximum reduction in filtrate volume for calcium based NPs was 45% with 2.0 wt% ٣٠٤ graphite and 0.5 wt% NPs. In summary NP1 showed a better performance at higher
٣٠٥
concentrations of graphite at HPHT conditions, whereas NP2 performed better at lower
٣٠٦
concentrations. Figure 4 shows that LCM works better with iron based NPs but not with ٣٠٧ calcium at HPHT conditions. Iron based NPs with LCM could achieve filtration reduction over ٣٠٨ 75%. WBF samples of copper and zinc based NPs showed an increase of up to 53% and 23% in thermal conductivity respectively, with copper having a larger increase in thermal conductivity. The results also showed that using particles at nano level provides superior thermal conductivity than using the particles at micro Zinc oxide (ZnO) NPs were used in WBF at HPHT (65 and 121 o C) conditions for the fluids filtration properties. Filtration reduced slightly at 121 °C, 500 psi, as the concentration of zinc increased from 0 g up to 1 g in a sample of 350 cc of drilling fluid from about 13.5 ml to around 10.5 ml.
٣٢٩
Krishnan et al. (2016)
Boron Water HPHT
The study tested boron NPs in WBFs and showed that, at HPHT (302 °F and 500 psi) condition, the samples could withstand higher temperatures and prevent early breakdown of the polymers in the WBF. A field trial indicated that 2 wt% concentration could go up to 349 °F with no noticeable degradation of the fluid system
٣٣٢
Silica based NPs were tested at HPHT conditions by Srivatsa et al. (2012) . Silica has a thermal ٣٣٣ stability up to 250°F which makes it an ideal additive for drilling fluids. Srivatsa and his co-
٣٣٤
workers presented their results at HPHT conditions with and without silica NPs, and showed
٣٣٥
that the surfactant that was used for surfactant/polymer based drilling fluids was not stable at 
٣٤٥
One of the first studies to test transition metal based NPs at HPHT conditions in WBFs was
٣٤٦
conducted by William et al. (2014) . They tested samples of copper and zinc based NPs and
٣٤٧
showed up to 53% and 23% increase in thermal conductivities of the muds respectively. where the optimum concentration (the lowest filtrate volume) was 0.5 wt% as shown in Figure   ٣٦١ 7. additive in WBFs showed 12% increase in thermal conductivity at the concentration of 2 wt%,
٣٧٤
which is less than the reported values for silica and zinc at the same concentration, 16.9% and ٣٧٥ 22%, respectively. increase the thermal conductivity of the fluid at higher concentrations.
٣٩٣
٣٩٤
Friction Reduction
٣٩٥
Friction reduction becomes increasingly important during drilling of long deviated wells.
٣٩٦
WBFs tend to have a coefficient of friction (COF) greater than 0.1 and OBFs tend to be less ٣٩٧ than 0.1. The drilling fluid ideally should have the lowest possible COF to reduce wear on the ٣٩٨ drilling string. This might also reduce wear on the previous casing, which is important as if it ٣٩٩ wears, the tri-axial burst / bi-axial collapse limit changes. Wears on casing are dangerous as it
٤٠٠
can lead to a failure to withstand high circulating pressure especially when a kick occurs. Table   ٤٠١ 4 summarises recent studies on friction reduction in drilling operations through addition of ٤٠٢ nanoparticles in drilling fluids. The study concluded that silica (SiO2) NPs in a surfactant based fluid benefits horizontal and directional drilling resulted from the low solid content and the ability to form a thin, impermeable filter cake that can reduced friction between the drilstring and the borehole surface. 
٤٠٣
٤١٩
concentration Mao et al. (2015(b) ) (adopted)
٤٢٠
Other NPs tested to help lubricity and, reduce torque and drag are Pal, graphene and boron. as synthetic based muds, and torque was reduced by 44% and the equivalent circulating density ٤٢٨ (ECD) was noted to be stable. Photos of the drill bits used at field trial (shown in Figure 9) 
٤٢٩
indicates the use of NPs can increase the life of the drill bit by 75%. Krishnan et al. (2016) ٤٣٠ reported very similar results to Taha & Lee. (2015) , while using boron NPs instead of graphene
٤٣١
NPs at the field trial in Myanmar. It can be justified that the high surface to volume ratio along ٤٣٢ with good lubricating properties of the nano-sized particles compared to that of the bulk ٤٣٣ materials, and the interaction between the particles with hydrophobic/hydrophilic properties ٤٣٤ with the drilling tools is the main factor for reducing the friction factor at the drilling bit. Table 5 lists recent studies reporting increase of wellbore stability in shale formations ٤٤٦ with the use of nanoparticles in drilling fluids. In most of these studies, due to the formation of ٤٤٧ a very low permeable mud cake on the wellbore, which acts as a barrier between drilling fluids ٤٤٨ and shale formation, there would be no serious reaction between drilling fluid and shale rocks,
٤٤٩
and therefore no wellbore stability issues. The study used water based drilling fluid enhanced by silica NPs to improve inhibition of shale materials as compared to a synthetic based mud which is commonly used for when wellbore stability is of importance. Testing 3.0 wt% of silica produced a permeability reduction greater than the water based mud without silica of 20.1% showing its ability at plugging and sealing micro-pores and micro-fracks. diameter, as a potential shale stabilizers. They found that superior shale stability was due to the ٤٦٨ reduced pressure transmission and improved membrane efficiency which come from bridging
٤٥٠
٤٦٩
and sealing micro and nano scale pore throats.
٤٧٠
Zhang et al. (2015) reported that testing nanoparticles in an oil based mud had a similar effect
٤٧١
as testing in a water based mud and helped to improve shale stability by plugging micro-pores
٤٧٢
and micro-fracks. A field test was also conducted using the NP-based OBF and it was found 
٤٧٩
٤٨٠
Hydrates Inhibition
٤٨١
One of the main challenges in deepwater drilling operations is the formation of gas hydrate in ٤٨٢ the drilling fluid circulation system. Hydrates are formed by water molecules that are stabilised
٤٨٣
by the presence of other molecules, commonly gas molecules, and create complex, three- effect of nanoparticles in drilling fluid to mitigate hydrates formation during drilling operation.
٤٩٥
They used silica nanoparticles with the concentration of 2 wt% in a seawater-based drilling 
٤٩٩
Their results showed that their proposed nanosilica based drilling fluid had an optimal density,
٥٠٠
good low-temperature rheology, and an acceptable filtrate volume.
٥٠١
Their results also indicated that no crystal hydrate was formed during the experiment at formation.
٥١٢
On the other hand, the effect of nanoparticles on hydrate formation has been well studied in formation up to two times more than the case with no nanoparticles. They also found that
٥٣٦
smaller particles result in a faster hydrate formation rate. In general it can be concluded that ٥٣٧ metal nanoparticles boost the formation of gas hydrates during gas storage and transportation, 
٥٤٠
Conclusions
٥٤١
Reports of the most recent studies on the application of nanoparticles in drilling fluids have the drilling fluids characteristics may be drawn as follows:
٥٤٦
-Overall, studies on the addition of NPs showed a general improvement in rheological
٥٤٧
properties while fluids can retain shear thinning characteristic that follow the Herschel-
٥٤٨
Buckley model. However, NPs should not be used as a substitute for bentonite/barite ٥٤٩ as they may reduce the rheological properties of the mud significantly.
٥٥٠
-The filtration loss and filter cake properties generally show improvements through ٥٥١ using NPs. It has been observed that there would be a reduction in filtrate volume for
٥٥٢
API tests by over 60%. Filter cakes have also been noted to be thinner and much more ٥٥٣ compact, leading to a reduction in porosity and permeability.
٥٥٤
-Heat transfer properties have been improved significantly through addition of NPs.
٥٥٥
With the use of NPs, thermal conductivity increases over 50% for some cases, and ٥٥٦ filtration loss decreases with increasing NPs concentration for nearly all studies.
٥٥٧
Rheology and thermal stability remaining consistent at HPHT conditions which make ٥٥٨ the use of drilling fluids feasible at HPHT and ultra-deep formations.
٥٥٩
-The addition of NPs has shown to improve friction reduction in drilling fluids making
٥٦٠
even WBFs to have nearly as low COF as OBFs. This is due to the decrease in solid
٥٦١
content of mud as the NPs are so small they can act like fluid.
٥٦٢
-Nanoparticles have also been able to improve wellbore stability especially when drilling ٥٦٣ through shale formations. The very small particles contained in the drilling fluids are ٥٦٤ able to plug and seal micro, and nano scale pores and fractures, avoiding excessive
٥٦٥
filtrates to penetrate into the formations.
٥٦٦
-Until today there have been very limited studies on application of nanoparticles to ٥٦٧ mitigate gas hydrates formation in drilling operations. It was shown that the presence
٥٦٨
of silica nanoparticles promotes the dissolution of gas in the drilling fluid preventing ٥٦٩ crystal hydrates to form. However, mechanisms on how the nanoparticles supress
٥٧٠
hydrates formation have not been discussed further.
٥٧١
٥٧٢
Recommendations
٥٧٣
Most of the studies have touched almost all the main parts of the technical aspects in drilling 4. Further investigation particularly to mitigate gas hydrates formation in the circulation ٥٨٥ system.
٥٨٦
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